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Transducing the Dpp Morphogen Gradient
in the Wing of Drosophila: Regulation
of Dpp Targets by brinker
et al., 1995; Nellen et al., 1996). Convincing support
for this morphogen model relied upon identification of
targets activated cell autonomously by the Dpp signal
transduction machinery. These targets include spalt
(sal), optomotor blind (omb), and vestigial (vg), which
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encode putative transcription factors required for growthNew York, New York 10032
and patterning of the wing (Williams et al., 1990; Pflug-
felder et al., 1992; Kuhnlein et al., 1994; de Celis et al.,
1996; Grimm and Pflugfelder, 1996; Lecuit et al., 1996;Summary
Nellen et al., 1996). They are expressed in the wing
pouch in domains that straddle the Dpp stripe, with vgDpp, a TGFb, organizes pattern in the Drosophila wing
having the widest domain and sal the narrowest, andby acting as a graded morphogen, activating different
their expression is Dpp dependent (de Celis et al., 1996;targets above distinct threshold concentrations. Like
Grimm and Pflugfelder, 1996; Kim et al., 1996; Lecuit etother TGFbs, Dpp appears to induce transcription di-
al., 1996; Nellen et al., 1996). Expression is lost autono-rectly via activation of a SMAD, Mad. However, here
mously in clones in which Dpp signal transduction haswe demonstrate that Dpp can also control gene ex-
been disrupted by mutations in the thick veins (tkv) gene,pression indirectly by downregulating the expression
which encodes a Dpp receptor (Brummel et al., 1994;of the brinker gene, which encodes a putative tran-
Nellen et al., 1994; Penton et al., 1994), or in Mothersscription factor that functions to repress Dpp targets.
against Dpp (Mad), which encodes a SMAD, intracellularThe medial-to-lateral Dpp gradient along the anterior±
signal transducer (Kim et al., 1996; Lecuit et al., 1996;posterior axis is complemented by a lateral-to-medial
Nellen et al., 1996; Newfeld et al., 1996; Wiersdorff etgradient of Brinker, and the presence of these two
al., 1996), suggesting sal, omb, and vg are direct targetsopposing gradients may function to allow cells to de-
of Dpp signaling and confirming their expression re-tect small differences in Dpp concentration and re-
quires, and is restricted to, cells in which the TGFbspond by activating different target genes.
signaling pathway is activated. This data supports the
morphogen model outlined above, assuming expression
Introduction of each target is activated above different levels of Dpp.
How is the putative Dpp morphogen gradient trans-
Secreted polypeptide signaling molecules belonging to duced into specific patterns of gene activation? TGFb
signals are transduced by the SMAD family of proteinsseveral different families, such as Wnts, TGFbs, and
(reviewed in Derynck et al., 1998; Whitman, 1998); fol-Hedgehogs, have been implicated in providing posi-
lowing receptor activation, most SMADs are phosphory-tional information within many developing systems in
lated and translocate to the nucleus, where they areanimals. Some of these molecules appear to act as mor-
involved in direct transcriptional activation of down-phogens; that is, they are capable of producing different
stream targets. They may have at least two functions inoutputs in responding cells, each output being induced
this regard. First, they may augment or modify the actionabove a distinct threshold concentration (reviewed in
of transcription factors. Second, they may act as site-Neumann and Cohen, 1997). These outputs generally
specific transcription factors themselves. Mad may havecorrespond to the activation or repression of gene ex-
the latter function in the wing: it has been shown topression, usually of transcription factors, which in turn
bind to a DNA fragment that directs Dpp-dependent vgcan directly control cell identity. Studies on members
expression, the ªquadrantº enhancer, and mutating theof the TGFb family, such as Activin in Xenopus and
binding site results in reduced activity of this enhancerDecapentaplegic (Dpp) in Drosophila, have provided some
(Kim et al., 1997). Thus, Mad may act as a direct tran-of the strongest evidence for secreted molecules acting
scriptional activator of vg and, consequently, also of salas gradient morphogens (Neumann and Cohen, 1997).
and omb. The Dpp morphogen gradient may be trans-The most compelling evidence for Dpp acting as a
duced into a Mad activity gradient, and the pattern ofmorphogen comes from studies on the developing wing
gene expression along the A±P axis may be determinedimaginal disc where it is expressed at the compartment
by differential responses to this Mad gradient.border, the center of the anterior±posterior (A±P) axis
Here we reveal an alternative mechanism by which(Masucci et al., 1990; Blackman et al., 1991). Recent
Dpp signaling controls target gene expression. We pre-studies support the proposal that there is a gradient of
sent a molecular and genetic characterization of theDpp in anterior and posterior halves and that different
brinker (brk) gene and demonstrate that it functions topattern elements are induced above distinct threshold
repress Dpp target genes, probably by acting as a tran-concentrations of Dpp with these thresholds corre-
scriptional repressor. We show that in the absence ofsponding to different distances from the center (Zecca
brk activity, expression of these targets does not require
a transcriptional activating input from Dpp, although this
* To whom correspondence should be addressed (e-mail: camp1@
may be required for maximal levels of expression. brkpitt.edu).
transcription is itself repressed by Dpp, resulting in low² Present address: Department of Biological Sciences, University of
Pittsburgh, Pittsburgh, Pennsylvania 15260. Brk levels where Dpp levels are high and vice versa.
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Thus, Dpp appears to control target gene expression
by two means: directly, through activation via Mad, and
indirectly, through Mad-dependent repression of brk ex-
pression. The combined effects of the positive and neg-
ative influences on the target gene expression may allow
cells to detect small changes in Dpp concentration and
respond by activating different target genes.
Results
Identification of a Dpp-Responsive Enhancer Trap,
X47, Inserted at the brinker Locus
In an enhancer trap screen designed to identify genes
whose expression may be regulated by Dpp in the imagi-
nal discs, one potential line, X47, was selected. We show
below that this enhancer trap is located adjacent to the
brk gene and that its expression is identical to that of brk.
In X47, b-gal is expressed at the anterior and posterior
extremes of the wing disc but not in the central region
(Figure 1B). Dpp is expressed along the compartment
border within this central region (Figure 1A; Masucci et
al., 1990; Blackman et al., 1991), suggesting X47 expres-
sion may be negatively regulated by Dpp signaling. To
test this, first we induced ubiquitous expression of Dpp
and observed a complete loss of X47 expression (Figure
1C). Second, we examined X47 expression in dpp mu-
tant discs and observed ubiquitous expression (Figure
1D). Third, we induced Mad clones in the developing
Figure 1. Expression of Enhancer Trap X47 in brinker (brk) Showingwing and observed autonomous activation of X47 ex-
Regulation by Dpp Signaling
pression within these clones (Figure 1E), indicating X47
All are mature third instar wing discs, anterior to left, ventral at top.may be a direct target of Dpp signaling. X47 expression
(A) Wild-type Dpp-LacZ expression with the stripe of expression
is graded along the A±P axis within the wing pouch along the compartment border (X-gal).
(Figure 1Iii) and overlaps with omb but not sal (Figures (B) Wild-type X47 expression (X-gal) is found at the anterior and
posterior extremes.1G and 1I).
(C) Ubiquitous Dpp expression under the Tubulin promoter results
in complete loss of X47 expression (X-gal).
Cloning and Genetic Analysis of brk (D) X47 expression in dppd12/d14 discs is ubiquitous (X-gal).
(E) X47 expression (ii, red, antibody) in a disc containing Mad1-2The genomic region surrounding the P element insertion
Minute1 mutant clones (i, identified by the loss of the green GFPof X47 was cloned and mapped to position 7A. Two
marker). X47 is misexpressed autonomously in the clones (iii, doubletranscripts, t1 and t2, were identified in this region, one
label).either side of the P element and in situs revealed t1 to
(F) X47 (red, antibody) and sal (green, antibody) expression in a wild-
have the same expression pattern as X47 (Figures 2A type disc. The arrow indicates the Dpp-dependent sal domain in
and 2B). X47 is homozygous viable with no phenotype, the center of the wing pouch.
(G) Magnification of the disc in (F). In the double stain (i), there is abut mutations in t1 were generated by mobilization of
clear gap between the sal expression domain and that of X47.the P element. Two lethal lines were identified, XA and
(H) X47 (red, antibody) and omb (green, UAS-GFP; Omb-Gal4) ex-XH; the latter is embryonic lethal, while the former is
pression in wild-type disc.pupal lethal. XH is a deletion extending from the P ele-
(I) Magnification of the wing pouch in (H). In the double stain (i),
ment into the t1 transcription unit removing the tran- there is overlap between the X47 and omb expression domains in
scription and translation (see below) start sites, indicat- contrast to more proximal regions where there is a gap between
the expression domains (arrow in [H]). This difference may reflecting this is a null mutation (Figure 2A). No additional
the observation that omb expression in these two places is nottranscripts were identified in the region deleted, sug-
equivalent, because expression in the wing pouch is Wg dependent,gesting it is a single locus mutant. The most obvious
whereas outside of this it is not (Grimm and Pflugfelder, 1996). (ii)phenotype of XH mutant embryos is that they have nar-
X47 is expressed as a gradient along the A±P axis in the wing
rower denticle belts than wild type (not shown). The pouch, although it appears more intense at the wing margin. (iii)
lethality of XA is the result of a new P element insertion omb expression domain shows a complementary indentation at the
margin.located 42 bp upstream of the putative transcription
initiation site of t1, suggesting the lethality of this line
is due to disruption of this transcript. Additional mutants
in t1 were generated by mobilization of the P element These mutations were mapped to the same region as
X47. In addition, they failed to complement mutationsin XA, including line XAX4, which is embryonic lethal
and has a 500 bp deletion removing the transcription generated independently by Jazwinska et al. (1999 [this
issue of Cell]), who gave the name brinker (brk) to thisstart site. XAX4 mutant embryos have the same pheno-
type as XH. gene, to which we conform, and our mutants have been
Regulation of Dpp Targets by brinker
555
Figure 2. Molecular Genetics and Expres-
sion Pattern of brk
(A) Genomic map of the brk region showing
the insertion sites of the P elements in the
X47 enhancer trap and the brkXA mutant, the
limits of the deletions associated with mu-
tants brkXH and brkXAX4, and the location of the
only transcripts identified in the region, t1 and
t2. The molecular nature of the mutants indi-
cates t1 corresponds to brk.
(B) In situ to wild-type wing disc using probe
derived from t1/brk showing a pattern very
similar to that of X47 (see Figure 1B).
(C and D) Brk protein expression revealed by
immunofluorescence. This is indistinguish-
able from the in situ and X47 expression. The
magnification in (D) also shows the gradient
within the wing pouch and that the protein is
nuclear.
(E) Brk protein sequence consisting of 704 amino acids. The residues in blue at 17±20, 405±408, and 523±526 constitute potential nuclear
localization signals. The residues in red are charged, and the box in gray highlights a central region of 148 amino acids of which almost half
are charged (67Ðpossibly more if the histidines are charged) and which may constitute a repressor domain. The box in black at 68±89, which
is enlarged in (F), highlights a potential helix-turn-helix (HTH) motif. K, Kpn1; N, Not1; S, Spe1; X, Xba1.
renamed brkXA, brkXH, and brkXAX4. The molecular data 5D). sal is also misexpressed in clones but usually only
when the clones are located in the wing pouch (Figureconfirms that transcript t1 is disrupted in brkXH and
brkXAX4 and suggests that only this transcript is affected, 5B). This is also true for clones located immediately
adjacent to the normal sal expression domain, that is,indicating that t1 corresponds to brk. In addition, clonal
analysis of brkXH in the adult wing revealed that the gene in regions where no brk expression can be detected
with X47 (Figure 1G). This suggests brk is expressed indisrupted by this mutation is required only in the regions
where t1 and X47 are expressed. Mutant clones in the this region but at levels too low for detection. Outside
of the normal wing pouch, misexpression of sal is founddistal half of the wing and in the central region of the A±P
axis have no phenotype (Figures 3A and 3B). However, in some but not all of the clones (Figures 5B and 5C).
A similar situation is found for vg where clones outsideclones in the anterior and posterior extremes of proximal
regions can produce large outgrowths (Figures 3C±3F). of the normal wing pouch may show misexpression of
b-gal under control of the vg quadrant enhancer. TheThis phenotype is cell autonomous, so that the out-
growths are composed entirely of mutant tissue. variability in the phenotype of clones outside of the wing
pouch reflects earlier observations that expression of
omb, sal, and vg is not controlled simply by Dpp andbrkXA Wing Discs Have Expanded Wing
Pouches and Expanded Expression brk but requires other inputs, in particular from Wingless
(Wg) (Grimm and Pflugfelder, 1996; Kim et al., 1996;Domains of Dpp Targets
Although the outgrowths generated by brkXH mutant Neumann and Cohen, 1996): clones that do not express
sal and vg may be too far from sources of Wg. Theclones are autonomous, they are reminiscent of out-
growths generated by misexpression of Dpp (Zecca et level of ectopic sal and vg expression in brkXA clones is
generally lower than that in their normal domains in theal., 1995). Consequently, the expression of dpp and Dpp
target genes was examined in brk discs and clones. center of the wing.
Initially, this was done in brkXA hemizygotes because
these survive through larval life and allow the examina-
tion of gene expression in whole discs. brkXA mutant Dpp Target Gene Expression Is Independent of Dpp
Signaling in the Absence of brk Activitywing discs have a dramatic overgrowth phenotype
showing expansion of the wing pouch along the A±P The observation that Dpp targets are expressed in brk
clones must be reconciled with previous studies thataxis (Figure 4). The expression domains of sal, omb,
and vg are expanded in the enlarged wing pouch. This suggested these targets are directly activated by Dpp
signaling via Mad (Kim et al., 1997). There are at leastphenotype is very similar to that produced by ubiquitous
expression of Dpp (Lecuit et al., 1996; Nellen et al., 1996). two explanations for our observations. First, the conclu-
sions of the previous studies are correct, and brk func-
tions simply to reduce sensitivity to Dpp so that in brkDpp Target Gene Expression Is Activated
Autonomously in brkXH Mutant Clones mutants lower levels of Dpp are required to activate
target gene expression; this would predict that loss ofbrkXH is embryonic lethal, and as described above, mu-
tant clones can result in outgrowths in the adult wing. Dpp signaling in brk clones would prevent target gene
expression. Second, target gene expression does notIn wing discs, sal, omb, and vg are autonomously misex-
pressed in brkXH mutant clones (Figure 5) but not neces- require a direct positive input from Dpp/Mad, and brk
functions to directly repress their expression indepen-sarily in all the cells of the clone. omb is misexpressed
in all of the cells of such clones when they are located dently of Dpp signaling; this would predict that loss of
Dpp signaling in brk clones would not prevent targetalmost anywhere in or around the wing pouch (Figure
Cell
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Figure 3. Phenotype of brkXH Clones in the Adult Wing (Marked by f)
(A) Wing with clones in the dorsal compartment outlined in red. The
clones do not extend into the anterior and posterior extremes and
have no effect on patterning.
(B) The same wing as in (A), showing clone in the ventral compart-
ment with a normal phenotype.
(C) Clone in the proximal posterior region has resulted in a large
outgrowth.
(D) Magnification of outgrowth in (C) (rotated 908). This consists
almost entirely of mutant tissue, the edge of which is indicated in
red. The outgrowth has hairs on some but not all of the margin.
Clones in the proximal anterior result in outgrowths only when the
clone crosses the D±V compartment border and, thus, includes the
margin; margin bristles are present on some but not always all of
the edge of these outgrowths (C and D). Clones in the posterior
induce outgrowths when they are found more posterior than vein V.
(E) Outgrowth produced by clone in the proximal anterior region.
(F) Magnification of outgrowth in (E), showing again that the clone
phenotype is autonomous. The outgrowth has bristles along all of
its margin and contains ectopic wing veins. Clones in the proximal
anterior result in outgrowths only when the clone crosses the D±V
compartment border.
gene expression. This was tested directly by analyzing
sal or omb expression in cells mutant for both brk and
dpp, tkv, or Mad.
Figure 4. Phenotype of brkXA Mutant Wing DiscsInitially it was shown that expression of dpp in discs
All are mature third instar discs at the same magnification, anteriorcontaining brkXH clones is normal, demonstrating that
to left, ventral at top, with wild-type discs on the left and mutantany phenotypes associated with these clones do not
discs on the right. The latter have a dramatic overgrowth phenotypedepend upon a secondary source of dpp (Figure 5A).
showing expansion of the A±P axis in the wing pouch.
dpp disc-specific mutations, such as the dppd12/d14 com- (A and B) sal expression (antibody). The arrow indicates the Dpp-
bination, result in discs in which growth is markedly dependent sal domain that widens into the expanded wing pouch
reduced and in which Dpp target gene expression is in the mutant disc. The ectopic sal expression shows a slightly
different pattern in the anterior and posterior compartments beinglost (Figure 6B; Lecuit et al., 1996). In contrast, the brkXA;
excluded from the margin in the anterior.dppd12/d14 double mutant wing disc closely resembles the
(C and D) omb expression (UAS-GFP; Omb-Gal4). The mutant discbrkXA single mutant disc: there is some overgrowth when
shows extensive misexpression of omb, although this appears more
compared to wild-type discs, although not as much as extensive in the posterior compartment.
the single mutant, and there is ectopic sal expression (E and F) b-gal expression driven by the vg-Q enhancer (X-gal). brkXA
in the wing pouch (Figures 6C and 4B). This is strong is also an enhancer trap, so that the stain in (F) reveals expression
from both this and the vg-Q enhancer, but the vg-Q expression isevidence that Dpp is not required for sal expression
clearly stronger than that from brkXA and again shows expansionin the absence of brk activity. The tkv7 mutant has no
into the overgrown wing pouch.signaling activity and results in the loss of expression
of all Dpp targets (Penton et al., 1994; not shown). How-
ever, cells mutant for both brk and tkv7 still show omb mutant for brk. Single mutant clones of Mad1-2 show loss
of sal expression in the wing pouch (Lecuit et al., 1996),expression (Figure 6D). This demonstrates that omb ex-
pression does not require Dpp signaling activity in cells but cells mutant for both brk and Mad1-2 express sal in
Regulation of Dpp Targets by brinker
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brk functions independently of Dpp signaling to repress
Dpp targets and that in the absence of both brk and
Dpp activity Dpp targets are expressed.
brk Encodes a Nuclear Protein with a Potential
DNA-Binding Domain
The sequence of the longest brk cDNA predicts a protein
product of 704 amino acids (Figure 2E). The most striking
features of the amino acid sequence are homopolymer
stretches encoded by opa (CAX) repeats; such repeats
have no clear function. A search of databases for similar-
ity to the nonrepetitive regions of Brk failed to identify
any potential homologs or any regions of strong similar-
ity to any regions of other proteins. As a first attempt
to determine the possible function of this protein, its
cellular localization was determined by immunofluores-
cence using a specific antibody to the protein. This
shows Brk protein expression in the wing disc is indistin-
guishable from that of the RNA and that the protein
is localized to the nucleus (Figures 2C and 2D). The
sequence contains three potential nuclear localization
signals (Figure 2E; Hicks and Raikhel, 1995). Although
no obvious homologs have been identified by standard
similarity searches, potential functional domains can be
predicted by other means, including the Dodd and Egan
(1990) method to identify potential helix-turn-helix (HTH)
DNA-binding motifs. This predicts Brk protein to have
an HTH motif in the N-terminal region at positions 68±89
(Figures 2E and 2F); this sequence produces a score
(6.29) that is far above that which has predicted false
positives. Another feature of the primary sequence is a
central domain of about 150 amino acids, almost half
Figure 5. Phenotype of brkXH Clones in Wing Discs of which are charged (Figure 2E). Several repressor
Panels on the left, (i), show clones marked by the loss of the green domains in transcription factors are characterized by
GFP marker; central panels, (ii), show marker gene expression (red); having a similar high percentage of charged residues
and panels on the right, (iii), are a combination. (Hanna-Rose and Hansen, 1996), suggesting this do-
(A) Dpp-LacZ expression is normal being restricted to the compart-
main in Brk may play a similar role.ment border.
(B) sal is misexpressed (antibody) autonomously in clones located
in the wing pouch. Arrow shows a clone showing sal misexpression Discussion
only in the region closest to the center of the wing. The level of sal
expression in clones is lower than that in the normal domain.
Members of the TGFb family of secreted signaling mole-(C) sal is expressed outside of the wing pouch in wild-type discs
(see Figure 4A) where it is not dependent upon Dpp. However, Dpp- cules/growth factors regulate growth and development
dependent expression can be analyzed there by using a Sal-LacZ in many different systems in both vertebrates and inver-
line that is normally expressed only in the wing pouch. This shows tebrates by controlling the expression of a number of
misexpression (arrows) in the large clone outside of the wing pouch, downstream targets (reviewed in Kingsley, 1994; Whit-
but only in part of the clone.
man, 1998). Studies on TGFb signal transduction have(D) Omb-LacZ is misexpressed (antibody) autonomously in clones
identified a family of proteins, SMADs, that relay thelocated anywhere in or around the wing pouch. The level of expres-
sion in the clones is comparable to that in the normal domain, signal from activated receptor to the nucleus (reviewed
although this cannot be ascertained on this figure because the nor- in Derynck et al., 1998; Whitman, 1998). Different SMADs
mal domain is out of focus. may perform different functions in the nucleus, but al-
(E) b-gal expression directed by the vg-Q enhancer (antibody) is most all appear to play some direct role in the transcrip-
deregulated in the large clone (arrows), although only in part of the
tional activation of target genes. They may cooperateclone. The level of expression in the clone is lower than that in the
with transcription factors to modulate the properties ofcenter.
these factors, or they may act as site-specific transcrip-
tional factors themselves. It is generally assumed that
a gene whose expression relies upon cell-autonomousthe wing pouch (Figure 6E). Mad1-2 is not a null; however,
expression of sal in brk single mutant cells is identical activation of the TGFb signaling pathway is probably
directly activated by a SMAD in one way or another.to that in brk, Mad1-2 mutant cells (e.g., only part of
the brk clone in Figure 6E is mutant for Mad, yet sal However, here we describe one situation where a TGFb,
Dpp in Drosophila, can control target gene expressionexpression is uniform), indicating Mad activity is not
required for sal expression in brk clones. These epistasis indirectly by negatively regulating the expression of a
factor, encoded by the brk gene, which represses theexperiments support the second above possibility, that
Cell
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Figure 6. sal and omb Expression Following
Loss of Dpp Signaling
(A) Sal-LacZ expression (b-gal antibody) in a
wild-type disc showing expression exclu-
sively in the Dpp-dependent domain in the
wing pouch.
(B) Sal-LacZ expression is lost in dppd12/d14
discs that are also much smaller than wild
type.
(C) sal expression (antibody) in brkXA; dppd12/d14
double mutant disc. The phenotype is very
similar to that of brkXA single mutants (see
Figure 4B), and although the overgrowth is
somewhat reduced in the double mutant, the
undergrowth of the dppd12/d14 mutant is clearly
rescued and there is misexpression of sal in
the wing pouch.
(D) Omb-LacZ is still expressed in cells mu-
tant for both brkXA and tkv7 (arrows). (i) brkXA
clones, indicated by the loss of the green GFP
marker. (ii) Omb-LacZ expression in red (anti-
body; note Omb-LacZ is on the same chro-
mosome as brk, so that the loss of omb ex-
pression in its normal domain corresponds
mainly to twinspots). (iii) tkv7 clones indicated
by the loss of the CD2 marker (purple, an-
tibody).
(E) sal is still expressed in cells mutant for
both brkXA and Mad1-2. (i) brkXA clones. (ii) sal
expression in red (antibody). (iii) Mad1-2 clones.
expression of these targets. Thus, Dpp induces target Brk Activity Is Regulated by Dpp
at the Transcription Levelgene expression, at least in part, by blocking the tran-
The clonal analysis reveals that brk activity must bescription of a repressor.
present in anterior and posterior regions of the wing to
repress expression of Dpp targets and implies that it is
inactive in medial regions where these genes are nor-brk Negatively Regulates Expression of Dpp Targets
mally expressed. This correlates with the brk expressionDpp controls patterning along the A±P axis in the wing
pattern: it is expressed at high levels in the anterior andof Drosophila by activating a number of downstream
posterior extremes, with expression grading off into thetargets, including sal, omb, and vg (de Celis et al., 1996;
central region where no expression can be detectedGrimm and Pflugfelder, 1996; Kim et al., 1996; Lecuit et
(Figures 1 and 2B±2D). Dpp signaling appears to be theal., 1996; Nellen et al., 1996). These targets are activated
major repressor of brk transcription. First, brk transcrip-cell autonomously by Dpp signaling, and there is evi-
tion is undetectable in regions where Dpp concentrationdence, at least for vg, that Dpp induces gene transcrip-
is high (Figure 1). Second, raising or lowering Dpp levelstion directly through activation of the SMAD Mad, which
results in a corresponding reduction or activation of brkmay act as a transcription factor (Kim et al., 1997). Here
expression (Figures 1C and 1D). Third, brk is autono-we show that expression of these three targets is also
mously expressed in Mad mutant clones (Figure 1E).regulated negatively by brk: loss-of-function mutations
Thus, it appears that Dpp downregulates brk expressionin brk lead to ectopic and inappropriate levels of expres-
in central regions to permit the expression of Dppsion of sal, omb, and vg. Wing discs from the pupal
targets.lethal hypomorph brkXA are greatly enlarged along the
A±P axis, phenocopying the ubiquitous expression of
Dpp. These discs show expanded domains of sal, omb, Dpp-Independent Expression of Dpp Targets
and vg expression in the expanded wing pouch (Figure Expression of sal, omb, and vg in brk mutants poses
4). Null mutants, including brkXH, are embryonic lethal, the question of whether Dpp/Mad signaling is required
but mutant clones can result in outgrowths in adult to directly induce their expression or if it merely acts
wings when the clone is located in the anterior or poste- indirectly to repress brk transcription to permit their
rior extremes of the wing (Figure 3). These outgrowths expression. Epistasis experiments using double mutant
are comprised entirely of mutant tissue but are similar combinations of brk with dpp, tkv, or Mad show that
to outgrowths produced by misexpression of Dpp Dpp signaling is not required to activate Dpp target
(Zecca et al., 1995). Examination of such clones in wing genes in cells mutant for brk (Figure 6). Thus, it appears
discs reveals autonomous activation of sal, omb, and that to induce Dpp targets, Dpp need only inactivate
vg outside of their normal expression domains (Figure brk activity by downregulating its expression, and there
5). Thus, Brk functions in the developing wing to repress is no absolute requirement for a direct activating influ-
ence of Dpp (Figure 7). This also suggests that in thethe expression of Dpp targets such as sal, omb, and vg.
Regulation of Dpp Targets by brinker
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may be required for maximal levels of expression of
these genes. This correlates with the earlier observation
that Mad can bind directly to the vg-Q enhancer and
that mutating this binding site reduces the activity of
this enhancer (Kim et al., 1997). Thus, we propose that
target gene expression is under both the negative influ-
ence of Brk and the positive influence of Mad (Figure 7).
The Molecular Nature of Brk
These genetic studies suggest Brk may repress expres-
sion of Dpp targets directly, and although standard data-
base searches revealed no homologs to Brk, an N-termi-
nal HTH DNA-binding motif is predicted by the Dodd
and Egan (1990) method (Figures 2E and 2F). In addition,
there is a central region containing a high percentage
of charged residuesÐa characteristic shared by the re-
pressor domains of some transcription factors (Hanna-
Rose and Hansen, 1996). The protein is localized to the
nucleus (Figure 2D), and therefore, we suggest that Brk
may act as a site-specific DNA-binding protein with sal,
omb, and vg as potential targets.
Generation of Spatial Patterns of Gene Expression
along the A±P Axis in the Wing
The control of gene expression along the A±P axis in
the wing of Drosophila by a gradient of Dpp presents one
of the strongest cases for the existence of morphogens
(Nellen et al., 1996). The two main questions to be an-Figure 7. Regulation of Gene Expression along the A±P Axis in the
Drosophila Wing swered now are, first, how is the gradient established,
and second, how is the gradient transduced into thePatterning along this axis is controlled by a Dpp morphogen gradi-
ent. Dpp activates the expression of a number of target genes, precise pattern of gene expression observed. The sim-
including sal, omb, and vg. The Dpp signal is transduced by the plest answer to the first question is through diffusion
receptors Tkv and Put to activate Mad, which then translocates to from its source, but recent studies suggest the genera-
the nucleus in association with another SMAD, Medea. Our results
tion of a Dpp gradient may be more complex. In thesuggest there are at least three transcriptional regulators of Dpp
early embryo, it was thought that patterning around thetargets, two of which are controlled by Dpp. First, Mad may act
dorsal±ventral (D±V) axis was also controlled by a gradi-to directly activate transcription. Second, Brk functions to repress
expression of these targets; its expression is negatively regulated ent of Dpp, but more recent evidence demonstrates that
by Dpp, resulting in a lateral-to-medial gradient of Brk complement- several factors are required to interact to generate a
ing the medial-to-lateral Dpp gradient and relieving Brk-mediated TGFb activity gradient (MarqueÂ s et al., 1997; Neul and
repression of targets in medial regions of the A±P axis. In the ab-
Ferguson, 1998; Nguyen et al., 1998). This includes asence of Brk activity, direct transcriptional activation from Dpp sig-
second ligand, Screw (Scw); an antagonist, Short Gas-naling is not required for expression of these targets, suggesting
trulation (Sog), which probably binds preferentially tothere is an independent activating influence possibly provided by
a constitutive (C) promoter. Although sal, omb, and vg expression Scw; and the metalloproteinase Tolloid, which cleaves
are all regulated by the Dpp signaling pathway, the width of their Sog to release Scw. Scw is ubiquitously expressed, but
expression domains along the A±P axis is different. Because all sequestration by the ventrally expressed Sog may es-
three genes are repressed by Brk and Brk is expressed as a gradient,
tablish a gradient of free Scw that could provide muchthis pattern of gene expression may be defined directly by Brk if
of the graded information in this system. In contrast,these genes are differentially sensitive to Brk. This assumes sal is
present studies are still consistent with a concentrationrepressed by lower Brk levels than omb and omb by lower levels than
vg. This mechanism may be augmented by Mad directly inducing gradient of Dpp providing the positional information
expression of these genes. Consequently, the spatial pattern of gene across the A±P axis in the wing. However, additional
expression along the A±P axis may be defined by a combination of components can modify the profile of this gradient. Al-
these activating and repressing gradients.
though Sog and Scw appear to have no function in axis
formation in the wing (Yu et al., 1996), a second ligand,
Gbb (60A), may be required to boost signaling activityabsence of brk and Dpp signaling, expression of Dpp
targets is activated by another, possibly constitutive, (Chen et al., 1998; Haerry et al., 1998; Khalsa et al., 1998).
In addition, expression of tkv is negatively regulatedpromoter.
However, although our results demonstrate Dpp-inde- by Dpp, resulting in high levels laterally and low levels
medially, making lateral regions more sensitive to Dpppendent expression of Dpp targets, they do not rule out
direct transcriptional activation of these targets by Dpp/ and possibly regulating diffusion of Dpp (Haerry et al.,
1998; Lecuit and Cohen, 1998).Mad. In brk mutant clones, the levels of vg and sal
expression are generally lower than in their central do- The results presented here address the second ques-
tion: how is the Dpp gradient transduced? The Dppmains (Figure 5), suggesting direct activation by Dpp
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gradient may be simply transduced via Mad into a com- shown). Unlike the wing, control of D±V patterning by
TGFbs is probably a conserved feature of almost allplementary Brk gradient, and this provides the informa-
tion required to establish the specific patterns of gene animal embryos (Ferguson, 1996) and strengthens the
possibility that brk homologs will be typical regulatorsexpression across the A±P axis (Figure 7). This assumes
different targets are differentially sensitive to repression of TGFb target genes.
by Brk, so that, for example, the vg expression domain
is wider than the omb domain because omb is repressed
Experimental Procedures
by lower levels of Brk than vg. However, this simple
model ignores the possibility discussed above that Dpp Enhancer Trap Screen and Generation of brk Mutants
signaling can directly activate target gene expression An enhancer trap screen was performed using D2,3 (Robertson et
al., 1988) to mobilize a ry1 PZ P element insertion at 21C, Alpha-(Figure 7). The activating Dpp input is graded from me-
adaptin06694. Larvae derived from 500 new insertions were stained fordial to lateral, while the repressing Brk input is graded
b-gal expression, and line X47 was selected because its expressionfrom lateral to medial, so that the width of sal, omb,
appeared complementary to Dpp signaling. X47 is viable, and poten-
and vg expression domains may be determined by the tial mutants in brk were generated by mobilization of X47 and select-
thresholds at which the positive influence overcomes ing 150 ry progeny. Two lethals were identified from these, brkXA
the negative (Figure 7). Both mechanisms of regulation and brkXH. These were crossed back to D2,3 to determine if the
lethality could be reverted; this was the case for brkXA but not brkXH.are mediated by Mad, and at present we are unable to
The molecular lesions in these mutations were determined by South-determine their relative importance, although we have
ern blot analysis confirming brkXA to have a new P element insertion.shown that in the absence of Brk activity, expression
The insertion site of this element was cloned by inverse PCR (method
of Dpp targets does not require the direct activating at http://www.fruitfly.org) and sequenced. brkXA is larval lethal, but
input. its P element was mobilized and several embryonic lethal lines were
generated and characterized by PCR using primers to the P element
ends and internal brk primers, identifying one line, brkXAX4, with a
500 bp deletion removing the 59 end of the brk transcript. TheseWhy Does Activation of Dpp Targets Require
mutants were localized to 7A: they are rescued by Dp(1;3) sn13a (6C-the Brk Intermediary Mechanism?
7C9) but not Dp(1;2)sn1 (7A8-8A5) and are lethal over Df(1)ct-J4Why is the indirect method involving Brk used to activate
(7A2-7C1).
expression of Dpp targets? In other words, if Dpp can
directly activate these genes via Mad, then why is this
Molecular Biologynot sufficient? We speculate that it is directly related to
Genomic DNA flanking the 59 side of the X47 insertion was clonedDpp acting as a morphogen. Activation of sal, omb, and
by plasmid rescue and used to pull out about 40 kb from a lambda
vg is not simply all or none, but each is induced above DASH II library and was mapped to the proximal end of P1 clone
a distinct threshold concentration of Dpp, with sal re- DS05565 generated by the Berkeley Drosophila Genome Project
(Hartl et al., 1994), placing it in position 7A4-8. Transcripts in thequiring the highest level and vg the lowest. The gradient
region were identified by screening cDNA libraries (4- to 8-hr em-of Dpp will be transduced into a gradient of activated
bryo, gift of Nick Brown, and third instar, gift of Pat Hurban andMad, but it is possible that cells cannot perceive small
Carl Thummel) with this genomic DNA. Twenty-eight positive clonesdifferences in activated Mad reliably enough to faithfully
were separated into two groups based on cross-hybridization. One
define the expression domains of Dpp targets and that group, t2, mapped on the 39 side of the P element, while the second,
the introduction of the Brk intermediary provides the t1/brk, mapped on the other (Figure 2A). In situs to imaginal discs
were performed with probes made from one member of each ofnecessary information.
these groups. On this basis, the cDNAs corresponding to t1 wereThis type of dual control of gene expression may turn
characterized in more detail: in all, five cDNAs derived from thirdout to be a common feature of many morphogen sys-
instars and eight cDNAs from embryos. Sequencing revealed notems. Consider, for example, the Hunchback gradient
evidence of differential splicing. The longest cDNA, tmbNB14-2, was
that is required to establish the stripes of gap gene 3.65 kb long, and sequencing the 59 end of this and the correspond-
expression along the A±P axis of the embryo (reviewed ing genomic DNA revealed that it had a nontemplated G at the 59
end, suggesting this corresponded to the transcription start site.in Rivera-Pomar and Jackle, 1996). The Kruppel stripe
Analysis of the 39 ends revealed one potential poly A signal (nucleo-is positively regulated by Hunchback but negatively reg-
tide position 2823) that was used by one of the cDNAs; some of theulated by the actions of Knirps and Giant. However,
others, including tmbNB14-2, bypassed this and thus had longer 39Knirps and Giant are repressed by Hunchback, and thus
ends, but no further poly A signals were detected in these, so their
the Hunchback gradient refines the domain of expres- 39 ends were presumably not complete.
sion of its target gene by both positively activating it and Sequencing tmbNB14-2 revealed a single open reading frame.
Similarity searches of databases at NCBI (http://www.ncbi.nlm.nih.inhibiting its repressors. This may allow more precise
gov) were performed with standard programs Fasta and Blast. Addi-positioning of expression domains along the A±P axis,
tional methods used to analyze the sequence included the PSORTwhich may be difficult to reproduce faithfully using only
program (http://psort.nibb.ac.jp) and the Dodd and Egan (1990)positive inputs from the Hunchback gradient.
method to identify potential HTH motifs (run at IBPC, France at
This study raises the possibility that other TGFbs may http://pbil.ibcp.fr/NSPSA/npsa_hth.html). The latter method relies
also use indirect mechanisms to control expression of upon giving each amino acid of a potential new HTH motif a score
based upon the frequency that particular residue is found at thattarget genes, possibly even Brk-related proteins, espe-
particular position in a large master set of known HTH domains.cially if they also induce multiple targets in a concentra-
The total score for the whole motif can then be compared to scorestion-dependent manner. One relevant observation in this
for known HTHs. This method identified a potential HTH motif atregard is that brk is also expressed in the early embryo
amino acid positions 68±89. Most HTH motifs have the following
where its expression also appears to be regulated by characteristics: residues at positions 4, 8, 10, 15, and 18 are un-
Dpp; null mutant embryos are partially dorsalized, sug- charged, residues 3±8 and 15±20 must not be proline, residue 5 is
usually glycine or alanine, and residue 9 is usually glycine (Harrisongesting it has a similar function here as in the wing (not
Regulation of Dpp Targets by brinker
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and Aggarwal, 1990). These characteristics are shared by the poten- Chen, Y., Riese, M.J., Killinger, M.A., and Hoffmann, F.M. (1998). A
genetic screen for modifiers of Drosophila decapentaplegic signal-tial Brk HTH motif with the exception that residue 9 is an asparagine,
but it should be noted that residues other than glycine can clearly ing identifies mutations in punt, Mothers against dpp and the BMP-7
homologue, 60A. Development 125, 1759±1768.occupy this position in known HTH motifs.
de Celis, J.F., Barrio, R., and Kafatos, F.C. (1996). A gene complex
Fly Stocks and Clonal Analysis acting downstream of dpp in Drosophila wing morphogenesis. Na-
Mad1-2 is a strong hypomorph (Wiersdorff et al., 1996). tkv7 is a ture 381, 421±424.
mutation in the kinase domain and genetically has no positive activ- Derynck, R., Zhang, Y., and Feng, X.-H. (1998). SMADs: transcrip-
ity behaving as a null when homozygous (Penton et al., 1994). Omb- tional activators of TGF-b responses. Cell 95, 737±740.
LacZ is an enhancer trap, while Sal-LacZ is a reporter, and both
Dodd, I.B., and Egan, J.B. (1990). Improved detection of helix-turn-
have been described (Grimm and Pflugfelder, 1996; Kuhnlein et al.,
helix DNA-binding motifs in protein sequences. Nucleic Acids Res.
1997). vg expression was analyzed using the vg-Q enhancer-driving
18, 5019±5026.
LacZ because not all of the vg expression is Dpp dependent (Kim
Ferguson, E.L. (1996). Conservation of dorsal-ventral patterning inet al., 1996). Clonal analysis was performed using the FRT/flp tech-
arthropods and chordates. Curr. Opin. Genet. Dev. 4, 424±431.nique (Xu and Rubin, 1996) using the following stocks. (1) brkXH
Grimm, S., and Pflugfelder, G.O. (1996). Control of the gene optomo-cuticle clones: y, brkXH, f36a, FRT18/FRT18; hs flp. Clones are marked
tor-blind in Drosophila wing development by decapentaplegic andby y and f. (2) brkXH disc clones: brkXH, FRT101/hs GFP, hs flp,
wingless. Science 271, 1601±1604.FRT101. Clones are marked by the loss of GFP (Jiang and Struhl,
1998). (3) brkXH disc clones and tkv7 or Mad1-2 disc clones: brkXH, Hanna-Rose, W., and Hansen, U. (1996). Active repression mecha-
FRT101/hs GFP, hs flp, FRT101; tkv7 (or Mad1-2), FRT39E/hs CD2, nisms of eukaryotic transcription repressors. Trends Genet. 12,
FRT39E. brk clones are marked as before; tkv or Mad1-2 clones are 229±234.
marked by the loss of CD2 (Jiang and Struhl, 1995). (4) Mad1-2 Mi- Haerry, T.E., Khalsa, O., O'Connor, M.B., and Wharton, K.A. (1998).
nute1 clones: hs flp; Mad1-2, FRT39E/hs GFP, M(2)201, FRT39E. Synergistic signaling by two BMP ligands through the SAX and
Clones are marked by the loss of GFP. To generate brk or Mad1-2 TKV receptors controls wing growth and patterning in Drosophila.
Minute1 clones, larvae were given a single 1 hr heat shock at 358C Development 125, 3977±3987.
between 48±84 hr after egg laying. To generate brk clones and tkv
Harrison, S.C., and Aggarwal, A.K. (1990). DNA recognition by pro-
or Mad clones, larvae were given two heat shocks 24 hr apart during
teins with the helix-turn-helix motif. Annu. Rev. Biochem. 59,
the same time period.
933±969.
Hartl, D.L., Nurminsky, D.I., Jones, R.W., and Lozovskaya, E.R.Immunostaining and Generation of Antibody
(1994). Genome structure and evolution in Drosophila: applications
The basic technique has been described (Campbell et al., 1993).
of the framework P1 map. Proc. Natl. Acad. Sci. USA 91, 6824±6829.
The sal antibody is from Kuhnlein et al. (1994), and the b-gal antibody
Hicks, G.R., and Raikhel, N.V. (1995). Protein import into the nucleus:is from Cappell. Immunofluorescence was viewed on a Bio-Rad
an integrated view. Annu. Rev. Cell Dev. Biol. 11, 155±188.2410 confocal microscope. The Brk antibody was generated as
JazÂwinÂ ska, A., Kirov, N., Wieschaus, E., Roth, S., and Rushlow, C.follows. A 567 bp BamH1/Pst1 fragment from tmbNB14-2 (nucleo-
(1999). The Drosophila gene brinker reveals a novel mechanism oftide positions 1716±2283 and amino acids 396±585) was cloned into
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jected into a rat and boosted three times at 3- to 4-week intervals signaling in Drosophila limb development. Cell 80, 563±572.
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this dilution. Slimb. Nature 391, 493±496.
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